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SUMMARY 

\ 

)  The  displacement  fields  surrounding  stably  growing  cracks  in  7075-T6,  2024-0, 
2024-T3,  5052-H32  and  2091  aluminum  alloy,  standard  and  cruciform,  single¬ 
edge  notched  (SEN)  specimens  were  determined  by  Moire  interferometry.  An 
approximate  and  exact  J-integral  values  were  determined  and  found  to  be  within 
5%  of  each  other  and  were  both  path  independent.  The  associated  HRR  crack  tip 
displacements  in  all  specimens  were  in  agreement  with  the  measured 
displacements  vertical  to  the  crack  but  consistently  differed  in  magnitude  and 
order  of  singularity  with  the  measured 


INTRODUCTION 

'  One  of  the  most  popular  ductile  fracture  criterion  of  the  pasOs^  decades  is  the 
J-integral  concept  [1]  for  which  enormous  developmental  efforts^  have  been 
expended  in  recent  years.  The  J-integral  is  heralded  by  many  as  a  Stahle  crack 
growth  and  ductile  fracture  criteria  since  in  its  linearly  elastic  limit,  it' 
reduces  to  the  elastic  strain  energy  release  rate."  The  path  independency  of  the 
J-integral  also  provides  the  experimentalist  ^ith  the  convenience  of 
determining  the  potential  energy  change  due  to  an  incremental  crack  extension 
by  far  field  measurements.  In  addition,  if  one  postulates  a  power  hardening 
material  and  the  existence  of  a  HRR  field  [2,3],  the  craek-Hp-staT&~'can  then~be 
charactrized  by  the  J-integral.  Such  convenience  prompted  the  use  of  J-integral 
for  correlating  fatigue,  creep  and  stable  crack  growth  data  in  addition  to  its  role 
of  quantifying  the  onset  of  ductile  fracture.  The  inherent  unloading  process 
associated  with  crack  growth  in  ductile  material,  however,  violates  the 
postulate  of  nonlinear  elasticity  on  which  the  J-integral  is  founded  [1]. 
Extensive  numerical  analyses  [4-6],  showed  that  the  J-integral  is  still  a  viable 
far-field  parameter  for  determining  the  potential  energy  change  under  small 
crack  extension  and  that  the  HRR  field  is  a  reasonable  representation  of  the 
crack  tip  state.  Unfortunately,  no  comparable  experimental  analysis  of  the 
above,  with  the  exception  of  [7]  and  those  of  the  authors,  exists  to  date.  The 
purpose  of  this  study  is  to  provide  the  missing  experimental  verifications  of  the 
path  independency  of  the  J-integral  and  of  the  existence  of  a  HRR  field. 


J-DETERMINATION  PROCEDURE 


Approximate  J-intearal 

The  J-estimation  procedure  consists  of  approximating  the  two-dimensional 
state  of  stress  in  the  fracture  specimen  with  the  uniaxia!  state  of  stress  where 
the  shear  and  the  lateral  normal  stresses  are  considered  negligible.  For  a 
standard  SEN  specimen,  this  replacement  provides  the  exact  state  along  the  two 
lateral  boundaries.  If  the  two  horizontal  paths  are  sufficiently  remote  from  the 
crack  tip  and  if  the  SEN  specimen  is  subjected  to  a  uniform  loading,  then  this 
replacement  provides  the  exact  state.  The  J  evaluated  along  the  most  remote 
contours  in  the  SEN  specimen  using  the  J-estimation  procedure  will  then  yield 
the  correct  J-integral  value.  Extensive  error  analysis  [8]  showed  that  this 
estimation  procedure  provided  reasonably  accurate  J-values  for  the  SEN 
specimens.  This  procedure  was  then  used  to  estimate  the  J-integral  values  in 
subsize  7075-T6,  2024-0  and  5052-H32  aluminum  alloy  SEN  specimens  of  0.8 
mm  thickness  [8-10]. 

E&acL  .JrMearal 

The  subsequent  development  of  an  improved  moire  interferometry  setup,  where 
both  the  vertical  and  horizontal  displacements  could  be  recorded  simultaneously 
in  a  single  frame  [11],  provided  an  improved  procedure,  which  is  conducive  to 
high-speed  photography,  where  the  exact  J-integral  value  is  determined  within 
the  confines  of  the  constitutive  relation.  Details  of  this  procedure,  which  was 
used  to  determine  the  J-values  associated  with  stable  crack  growth  in  large 
biaxially  and  uniaxially  loaded,  7075-T6,  2024-0,  2024-T3,  5052-H32  and  2091 
aluminum  alloy,  cruciform  and  standard  SEN  specimens,  0.8  mm  thick,  are 
described  in  [12-15].  Biaxiality  ratios  of  B  =  0.0,  2.0  were  applied  to  the 
cruciform  specimens  through  a  special  biaxial  testing  machine  [16]  and  stable 
crack  growth  in  excess  of  5  mm  were  obtained  prior  to  rapid  tearing.  The  J- 
integral  values  were  then  evaluated  along  two  or  three  contours  encompassing 
the  crack  tip. 


RESULTS 

Figures  1(a)  and  1(b)  show  a  typical  moire  fringe  pattern  corresponding  to  the 
vertical  and  horizontal  displacements,  v  and  u,  in  a  2024-0  aluminum  specimen. 
Figures  2(a)  and  2(b)  show  typical  plots  of  v  and  u  versus  the  radial  distance,  r, 
for  various  angular  orientation,  e.  For  a  power  hardening  coefficient  of  n  =  4  of 
this  2024-0  aluminum  alloy,  the  HRR  field  predicts  a  slope  of  0.2  in  the  log-log 
plots  of  the  v  and  u  versus  r  curves. 


While  Figure  2(a)  verifies  the  HRR  predicted  slope  for  the  v-field,  Figure  2(b) 
shows  a  measured  slope  of  nearly  0.5  for  the  u-field.  The  many  log-log  plots  of 
all  other  aluminum  alloy  specimens,  showed  that  the  predicted  power  of  l/(n+l) 
or  r  for  the  HRR  crack  tip  displacement  was  more  or  less  replicated  by  the 
measured  v-displacement  but  the  measured  u-displacement  field  consistently 
indicated  a  power  of  0.5  of  the  radial  distance. 
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Fig.  1(a)  v-Displacement  in  2024-0 
Al  Cruciform  Specimen.  B=2.Q. 


Fig.  1(b)  u-Displacement  in  2024-0 
Al  Cruciform  Specimen.  B=2.0. 


r  (mm)  r  (mm) 


Fig.  2(a)  v-Displacement  Versus  r 
for  Various  Angles. 

2024-0  Al  Cruciform  Specimen. 


Fig.  2(b)  u-Displacement  Versus  r 
for  Various  Angles. 

2024-0  Al  Cruciform  Specimen. 


Since  the  7075-T6  aluminum  standard  and  cruciform  SEN  specimens  essentially 
provided  an  elastic  crack  tip  state,  this  moire  fringe  data  was  used  to  check  the 
validity  of  both  the  estimation  and  exact  procedures  for  determining  J-integral 
values.  In  addition,  the  accuracy  of  the  procedure  was  verified  by  computing  the 
J-integral  value  along  a  countour.  This  J-value,  which  did  not  enclose  the  crack 
tip  in  a  2024-T3  cruciform  specimen,  was  0.4  %  of  the  minimum  recorded  J- 
value  for  this  specimen  for  a  contour. 
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Figures  3(a)  and  3(b)  show  typical  Jr -curves  for  uniaxially  (B  =  0)  and  biaxially 
loaded  (B  =  2)  2024-T3  and  2091 -T3  aluminum  cruciform  specimens, 
repectively.  Despite  the  maximum  differences  of  4.4  cm  in  the  lengths  of 
integration  paths,  the  J-values  for  each  crack  length  differed  at  the  most  of  8 
percent.  The  extrapolated  jR-curves  inferred  a  critical  J  -  8  and  10  kPa-m  for 
uniaxially  and  biaxially  loaded  specimens,  respectively. 


Crack  Extension  (mm)  Crack  Extension  (mm) 


Fig.  3(a)  JR-Curve  of  2024-T3  Al  Fig.  3(b)  JR-Curve  of  2091 -T3  Al 

Cruciform  Specimen.  Cruciform  Specimen.  B  =  0. 

Figure  4(a)  shows  the  JR-curves  for  the  approximate  and  exact  J-values  obtained 
from  2024-0  small  and  large  SEN  specimens,  respectively.  Figure  4(b)  shows 
similar  JR-curves  for  5052-H32  and  small  SEN  and  large  cruciform  specimens. 


0.0  0.2  0.4  0.6  0.8  1.0  1.2  1.4  0.0  0.5  1.0  1.5  2.0  2.5 

Crack  Extension  (mm)  Crack  Extension  (mm) 


Fig.  4(a)  JR-Curve  of  2024-0  Al  Fig.  4(b)  JR-Curve  of  5052-H32  Al 

Small  SEN  and  Large  Cruciform  Specimen.  Small  SEN  and  Large  Cruciform  Spec. 
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Also  shown  are  the  jR-curve  predicted  by  using  the  J  prediction  method  by  Shih 
[17].  While  the  Shih's  J  prediction  method  was  obviously  meant  for  a  stationary 
crack,  the  predicted  J  deviated  substantially  with  the  measured  J  values  of  the 
SEN  specimens  as  well  as  at  larger  crack  extension,  i.e.  Aa  >  0.6  -  1.0mm,  of  the 
large  cruciform  specimens. 

The  J-integral  values  shown  in  Figures  3  and  4,  as  well  as  the  many  other  J- 
resistance  curves,  which  were  generated  in  the  course  of  this  investigation, 
were  used  together  with  the  associated  power  hardening  coefficients  to 
evaluate  the  v-  and  u-displacements  of  the  HRR  field  [2,3].  The  crack  tip 
displacements  for  a  linearly  elastic  aluminum  SEN  specimen  was  also  computed. 
Figures  5(a)  and  5(b)  show  the  measured  and  the  computed  HRR  and  LEFM  v-  and 
u-displacement  variations,  at  a  radial  location  of  r  =  1.2  mm  and  angular 
orientation,  0  =  45°,  from  the  crack  tip,  with  increasing  crack  extension  in  the 
SEN  and  the  cruciform  specimens,  respectively.  The  LEFM  component  was 
computed  by  equating  J  to  the  elastic  strain  energy  released  rate  from  which  a 
stress  intensity  factor  was  computed.  The  fitted  curves  through  the  measurea 
v-  and  u-displacement  data  accentuated  the  closeness  or  difference  with  the 
computed  HRR  and  the  LEFM  displacements.  The  measured  v-displacement 
initially  followed  the  computed  LEFM  displacement  but  changed  to  the 
corresponding  computed  HRR  component  at  higher  loadings  in  all  four  aluminum 
specimens.  The  measured  u-dispiacements  for  the  uniaxially  and  biaxially 
loaded  cruciform  specimen,  on  the  ether  hand,  generally  followed  the 
corresponding  LEFM  component. 
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Fig.  5(a)  v-Displacement  In  2024-0  Al.  SEN  and  Cruciform  Specimen. 
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Similar  plots  of  the  v-  and  u-displacements  in  5052-H32  aluminum  cruciform 
specimens  are  shown  in  Figures  6(a)  and  6(b).  Due  to  the  large  non-linear  zone  in 
this  material,  the  v-  and  u-displacements  were  computed  at  a  radial  distance  of 
r  =  5mm  and  an  angular  orientation  0  =  45°.  Also  shown  are  the  u-  and  v- 
displacements  computed  by  using  the  HRR  field  and  LEFM. 


CONCLUSIONS 

The  J-integral  values  obtained  by  the  approximate  and  the  exact  procedures  with 
standard  and  uniaxially  and  biaxially  loaded  standard  and  cruciform,  aluminum 
SEN  specimens  were  contour  independent  and  essentially  vanished  for  contours 
not  enclosing  the  crack  tip. 

The  vertical  HRR  crack  tip  displacements,  v,  which  were  computed  by  using  the 
J-integral  values,  agreed  reasonably  well  with  the  corresponding  measured 
values.  The  horizontal  HRR  crack  tip  displacement,  u,  essentially  followed  its 
LEFM  counterpart  in  all  specimens  tested.  Thus,  the  HRR  field  is  not  a  valid 
representation  of  plastic  crack  tip  region. 

The  plastic  crack  tip  region  cannot  be  characterized  by  the  J-integral  through 
the  HRR  field.  Thus  J-integral  as  a  ductile  fracture  criterion  lacks  physical 
interpretation  at  this  time. 
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Fig.  5(b)  u-Displacement  in  2024-0  Al.  SEN  and  Cruciform  Specimen. 
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DISCUSSIONS 


The  authors  were  gratified  for  being  the  catalyst  for  a  recent  numerical  analysis 
of  tne  elastic-plastic  craqk  tip  region  in  which  the  horizontal  displacements,  u, 
were  found  to  vary  with  r 2  power  (17].  It  is  somewhat  ironical  that  the  massive 
computational  efforts  in  elastic-plastic  fracture  analysis  over  the  past  two 
decades  failed  to  consider  the  horizontal  crack  tip  displacement,  which  was 
embedded  in  all  computed  outputs  of  the  past.  Figures  5  and  6  show  that  the  u- 
displacement  is  about  one  third  of  the  dominant  v-displacement  and  is  not 
negligible  as  considered  by  some.  The  authors’  studies  and  the  quoted  numerical 
analysis  [18]  are  vivid  examples  of  the  danger  of  accepting  theoretical  results, 
the  HRR  field  in  this  case,  without  adequate  experimental  and  numerical 
verifications. 
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Fig.  6(a)  v-Displacement  in  5052-H32 
Cruciform  Specimen. 
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Fig.  6(b)  u-Displacement  in  5052-H32 
Cruciform  Specimen. 


Our  findings  are  particularly  sensitive  to  the  accuate  determination  of  the  crack 
tip  location  which  is  obscured  by  the  caustics  surrounding  the  crack  tip.  In  this 
study,  the  center  of  the  caustics  was  found  to  be  a  reasonable  approximation  of 
the  crack  tip  as  shown  by  the  overexposed  photograph  of  the  crack  which  is 
superimposed  onto  the  v-field  moire  patterns  of  Figure  7.  A  sensitivity  analysis 
of  the  v-  and  u-fields  also  showed  that  a  1  mm  horizontal  shift  in  the  crack  tip 
location  would  shift  the  v-field  off  from  the  predicted  HRR  v-field.  While  the 
good  agreement  between  the  measured  and  computed  v-field  in  our  study  does 
not  validate  the  experimental  analysis,  had  the  crack  tip  been  shifted 
horizontally  from  the  center  of  the  caustics,  then  neither  the  measured  v-  nor  u- 
field  would  coincide  with  the  respective  HRR  fields. 
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Figure  7.  V-Displacement  in  5052-H32  Al.  Small  SEN  Specimen. 


REFERENCES 

1.  Rice,  J.R.:  “A  Path  Independent  Integral  and  the  Approximate  Analysis  of 
Strain  Concentration  by  Notches  and  Cracks,”  ASME  Journal  of  Applied 
Mechanics,  35  Series  E  (June  1968)  379-386. 

2.  Hutchinson,  J.W.:  "Plastic  Stress  and  Strain  Fields  at  a  Crack  Tip,"  Journal 
of  Mechanics  and  Physics  of  Solids,  16  (1968)  337-347. 

3.  Rice,  J.R.  and  Rosengren,  G.F.:  "Plane  Strain  Deformation  Near  a  Crack  Tip 
in  a  Power-Law  Hardening  Material,”  Journal  of  Mechanics  and  Physics  of 
Solids,  16  (1968)  1-12. 

4.  Shih,  C.F.,  deLorenzi,  R.G.  and  Andrews,  W.R.:  "Studies  on  Crack  Initiation 
and  Stable  Crack  Growth,”  Elastic-Plastic  Fracture,  ed.  J.D.  Landes,  J.A. 
Begley  and  G.A.  Clarke,  ASTM  STP  668  (1979)  65-120. 

5.  Shih,  C.F.  and  German,  M.D.:  "Requirements  for  a  Single  Parameter 
Characterization  of  a  Crack  Tip  Field  by  HRR  Singularity,”  Int’l  J.  of 
Fracture,  17  (1981)  27-43. 


1 


6.  Shih,  C.F.:  “J-Dominance  under  Plane  Fully  Plastic  Conditions:  The  Edge 
Crack  Panel  Subjected  to  Combined  Tension  and  Bending,''  Int’l  J.  of 
Fracture,  29  (1985)  73-84. 

7.  Chiang,  F.P.  and  Hareesh,  T.V.:  "Experimental  Studies  of  Crack-Tip 
Deformation  and  the  HRR  Singularity  Field,”  Proc.  of  1986  SEM  Spring  Conf. 
on  Experimental  Mechanics  (1968)  782-783. 

8.  Kang,  B.S.-J.,  Kobayashi,  A.S.  and  Post,  D.:  “Stable  Crack  Growth  in 
Aluminum  Tensile  Specimens,"  Experimental  Mechanics  27  (1987)  234- 
245. 

9.  Kang,  B.S.-J.  and  Kobayashi,  A.S.:  “J-resistance  Curves  of  Aluminum  SEN 
Specimens,”  Experimental  Mechanics  28  (1988)  154-158. 

10.  Kang,  B.S..-J.  and  Kobayashi,  A.S.:  “J-estimation  Procedure  Based  on  Moire 
Interferometry  Data,"  ASME  Journal  of  Pressure  Vessel  Technology  110 
(August  1988)  291-300. 

11.  Dadkhah,  M.S.,  Wang,  F.X.  and  Kobayashi,  A.S.:  “Simultaneous  On-Line 
Measurement  of  Orthogonal  Displacement  Fields  by  Moire  Interferometry,” 
Experimental  Techniques  12  (1988)  28-30. 

12.  Dadkhah,  M.S.,  Kobayashi,  A.S.,  Wang,  F.X.  and  Graesser,  D.L.:  “J-integral 
Measurements  Using  Moire  Interferometry,"  Proc..  of  the  VI  Int'l  Congress 
on  Experimental  Mechanics  (1988)  227-234. 

13.  Dadkhah,  M.S.  and  Kobayashi,  A.S.:  "HRR  Field  of  a  Moving  Crack,  An 
Experimental  Analysis,”  Engineering  Fracture  Mechanics,  34  (1989)  253- 
262. 

14.  Dadkhah,  M.S.  and  Kobayashi,  A.S.:  "Further  Studies  in  the  HRR  Field  of  a 
Moving  Crack,  An  Experimental  Analysis,”  to  be  published  in  Journal  of 
Plasticity. 

15.  Dadkhah,  M.S.  and  Kobayashi,  A.S.:  “J-R  Curves  of  Three  Aluminum  Alloys,” 
to  be  published  in  Fracture  Mechanics,  Twenty-Second  Symposium,  ASTM 
STP  1991. 

16.  Hawong,  J.S.,  Kobayashi,  A.S.,  Dadkhah,  M.S.,  Kang,  B.S.-J.  and  Ramulu,  M: 
“Dynamic  Crack  Curving  and  Branching  Under  Biaxial  Loading,” 
Experimental  Mechanics  27  (June  1987)  146-153. 

17.  Kumar,  V.  Shih,  C.F.,  and  German,  M.D.:  “An  Engineering  Approach  for 
Elastic-Plastic  Fracture  Analysis,  EPRI  NP-1931,  Project  1237-1  Topical 
Report  (July  1981). 

18.  Zhang,  Y  and  Ravi-Chandar,  K.:  “A  Finite  Element  Investigation  into  the 
Foundation  of  Elastic-Plastic  Fracture  Mechanics,  Part  I:  Dominance  of  the 
HRR  Field.”  To  be  published  in  the  Journal  of  Mechanics  and  Physics  of 
Solids. 


ASK/cm 


9 


Office  ol  Naval  Research 
'00  N  Qunicy  Slreei 
Arlingion  VA  2221'  Sr  J 
Aim  Coda  11325M  copies) 


Cilice  o'  Naval  Research 
•300  .1  Quincy  Slreel 
•rlmqion  VA  22217-5000 
•Vm  Code  1131 

Celense  Documenraiion  Cnir 
-1  copiesi 
...imeron  Station 
Alexandria.  VA  02314 


Naval  Research  Laboratory 
Washington  DC  20375 
Ann  Code  6000 


Naval  Research  Laboratory 
Washington.  DC  20375 
Alin  Code  6300 


Naval  Research  Laboratory 
Washington  DC  20375 
Ann  Code  6380 


Naval  Research  Laboratory 
Washington  DC  20375 
Attn  Code  5830 


Naval  Research  Laboratory 
Washington.  DC  20375 
Attn  Code  6390 


Naval  Research  Laboratory 
Washington.  DC  20375 
Attn  Code  2620 


David  W  Taylor  Naval  Ship 
R  4  0  Center 
Annapolis  MD  21402 
Attn:  Code  28 


David  W  Taylor  Naval  Ship 
R  4  0  Center 
Annapolis.  MD  21402 
Attn  Code  2812 


David  W  Taylor  Naval  Ship 
R  4  D  Center 
Annapolis.  MD  21402 
Attn  Code  2814 


David  W  Taylor  Naval  Ship 
R  4  0  Center 
Annapolis.  M0  21402 
Ann:  Cod#  1700 


David  W  Taylor  Naval  Ship 
R  4  0  Center 


Annapolis.  MD  21402 
Attn  Code  1 720 


David  W  Taylor  Naval  Ship 
R  4  D  Center 
Annapolis.  MO  21402 
Attn:  Code  1720.4 


Naval  Air  Development 
Center 

Warminster.  PA  18974 
Attn:  Code  6043 


Naval  Air  Development 
Center 

Warminster.  PA  18974 
Attn.  Code  6063 


Naval  Surtace  Weapons 
Center 

While  Oak.  MD  20910 
Attn:  Code  R30 

Technical  Library 


Naval  Surlace  Weapons 
Center 

Dahlgren.  VA  22448 
Attn:  Technical  Library 


Naval  Civil  Eng  Library 
Pori  Hueneme.  CA  93043 
Alin:  Technical  Library 


Naval  Underwater  Systems 
Center 

New  London.  CT  06320 
Attn:  Code  44 

Technical  Library 


Naval  Underwater  Systems 
Center 

Newport.  Rl  02841 
Attn:  Technical  Library 


Naval  Weapons  Center 
China  Lake.  CA  99555 
Attn:  Technical  Library 


NRUUnderwater  Sound 
Relerence  Dept. 
Orlando,  FI  32856 
Attn:  Technical  Library 


Chief  of  Naval  Operations 
Department  of  the  Navy 
Washington.  DC  20350 
Attn:  Code  OP-098 


Commander 

Naval  Sea  Systems  Command 
Washington  DC  20362 


Attn  Code  05R25 


Commander 

Naval  Sea  Systems  Command 
Washington,  DC  20362 
Attn:  Coda  05R26 


Commander 

Naval  Sea  Systems  Comm^nn 
Washington.  DC  20362 
Attn:  Code  09B31 


Commander 

Naval  Sea  Systems  Command 
Washington,  DC  20362 
Ann:  Code  55Y 


Commander 

Naval  Sea  Systems  Command 
Washington,  DC  20362 
Ann:  Code  55Y2 


Commander 

Naval  Sea  Systems  Command 
Washington,  DC  20362 
Attn:  Code  03D 


Commander 

Naval  Sea  Systems  Command 
Washington,  DC  20362 
Atm:  Code  7226 


Commander 

Naval  Sea  Systems  Command 
Washington.  DC  20362 
Attn:  Code  310A 


Commander 

Naval  Sea  Systems  Command 
Washington.  DC  20362 
Ann:  Code  31 0B 


US  Naval  Academy 
Mechanical  Engineering  Dept. 
Annapolis.  MD  21402 


Naval  Postgraduate  School 
Monterey.  CA  93940 
Attn:  Technical  Library 


Mr.  Jerome  Persh 
Stf  Speed  for  Matls  4  Struct 
OUSDE  4  E.  The  Pentagon 
Room  301069 
Washington.  DC  20301 

Professor  J.  Hutchinson 
Harvard  University 
Div.  of  Applied  Sciences 
Cambridge  MA  02136 


Dr.  Harold  Liebowiu,  Dean 
School  of  Engr.  4  Applied  Sd 
George  Washington 
Univarsity 


Washington  DC  20052 


Prolessor  G.T.  Hahn 
Vanderbilt  University 
Dept,  ol  Mech  &  Malrls.  Engr. 
Nashville  TN  37235 


Prolessor  Albert  S  Kobayashi 
Dept  of  Mechanical 
engineering 

University  ol  Washington 
Seattle.  WA  98195 


Prolessor  L  B.  Freund 
Brown  University 
Division  ol  Engineering 
Providence  Rl  02912 


Professor  B  Budiansky 
Harvard  University 
Division  of  Applied  Sciences 
Cambndge.  MA  02138 


Professor  S  N.  Atluri 
Georgia  Institute  ol 
Technology 

School  of  Engr  4  Mechanics 
Atlanta.  GA  30332 


Professor  G  Springer 
Stanford  University 
Dept,  ol  Aeronautics 
4  Astronautics 
Stanford.  CA  94305 

Professor  H  T.  Hahn 
Waahinglon  University 
Center  for  Composites 

Research 

St.  Louis.  MO  63130 


Professor  S  K  Dalis 
University  ol  Colorado 
Dept,  ot  Mechanical 
Engineering 
Boulder.  CO  80309 


Or.  M  L.  Williams 
School  o(  Engineering 
University  of  Pittsburgh 
Pittsburgh,  PA  15261 


Dr.  D  C.  Drucker 

Dept,  of  Aerospace  Eng.  4 

Mechanics 

Universily  of  Florida 
Tallahassee.  FL  32611 

Dean  B.A.  Boley 
Dept,  of  Civil  Engineering 
Northwestern  University 
Evanston.  IL  60201 


Professor  J.  Dully 
Brown  Universily 
OMsion  ot  Engineering 
Providence.  Rl  02912 


Prolessor  J  D  Achonbach 
Northwesiern  Universily 
Depl  ol  Civil  Engineering 
Evanslon.  IL  60208 


Professor  F  A  McClintock 
Dept  ot  Mechanical 
Engineering 

Massachusetts  institute  oi 
Technology 
Camorioge.  MA  02139 


Professor  0  M  Parks 
Depl  ol  Mechanical 
Engineering 

Massachusetts  institute  ot 
Technology 
Cambndge.  MA  02139 


Dr  M  F  Kannmen 
Southwest  Research  Instill 
PO  Drawer  28510 
6220  Cufebra  Road 
San  Antonio.  TX  78284 

Prolessor  F  P  Chiang 
Depl  ol  Mechanical  Engr 
Slate  U  ol  NY  al  Stony  Broi 
Stony  Brook.  NY  11794 


Prolessor  S  S.  Wang 

Dept  ol  Theoretical  4  Appl 

Mechs 

University  ol  Illinois 
Urbana.  IL  61801 


Professor  Y.  Weilsman 
Civil  Engr  Department 
Texas  A4M  University 
College  Station.  TX  77843 


Professor  I  M.  Daniel 
Dept  of  Mechanical  Engr 
Illinois  Institute  ol 
Technology 
Chicago.  IL  60616 


Professor  C  T.  Sun 
School  ol  Aeronautics  4 
Astronautics 
Purdue  I ’  diversity 
W.  Lafayette.  IN  47907 


Prolessor  J  Awerbuch 
Dept  ol  Mech  Engr  4 
Mechanics 
Drexel  University 
Philadelphia.  PA  19104 


Professor  T  H  Lm 
Universily  ol  California 
Civil  Engineering  Depl 
Los  Angeles.  CA  90024 


Professor  G  J  Dvorak 
Oept  of  Civil  Engr 
Rensselaer  Polytecmc 
Institute 


Troy.  NY  12180 


Dr  RM  Chris*  sen 
Chemislry  &  Mlrl  Sci  Depl 
Lawrence  Livermore  Nall  Lab 
PO  Box  80P 
Livermore.  CA  94550 

Professor  J  R  Rice 
'.'vision  n!  Acolicd  Sciences 
Harvard  University 
Cambridge.  MA  02138 


Prolessor  W  N  Sharpe 
The  Johns  Hopkins  University 
Oepl  ol  Mechanics 
3a!timore.  MO  21218 


Pro'essor  C  F  Shih 
Brown  University 
Division  ol  Eng.  leering 
Providence  Rl  02912 


Prolessor  A  Rosakis 
California  Institute  ol  Tech 
Graduate  Aeronautical  Labs 
Pasadena.  C A  91125 


Professor  0  Post 
VA  Polytechnic  &  State  U 
Depl  ol  Engr  Science  & 
Mechanics 

Blacksburg.  VA  24061 


Professor  W  Sachse 
Cornell  University 
Oepl  ol  Theoretical  & 
Applied  Mechanics 
iihaca.  NY  14853 


UNCLASSIFIED 


SECURITY  CLASSIFICATION  OF  This  RAGE  (When  Data  Entered) 


REPORT  DOCUMENTATION  PAGE  «^p<SB5S^rm 


1  REPORT  NUMBER  2.  GOVT  ACCESSION  NO.  3-  RECIPIENT’S  CATALOG  NUMBER 

UWA/DME/TR-90/65 


«.  TITLE  (end  Subtitle)  5.  TYPE  OF  REPORT  A  PERIOD  COVERED 

"J- Integral  and  HRR  Field  of  a  Stably  Growing  Technical  Report 
Crack,  An  Experimental  Analysis"  _ 

*  PERFORMING  ORG.  REPORT  NUMBER 

UWA/DME/TR90/65 


a.  CONTRAC-  OR  GRANT  NUMBERf*,) 


7.  AUTHORS 

M.S.  Dadkhah,  B.S.-J.  Kang,  A.S.  Kobayashi 


9.  performing  organization  name  and  address 

Department  of  Mechanical  Engineering,  FU-10 
University  of  Washington,  Seattle,  WA  98195 


II.  CONTROLLING  OFFICE  NAME  ANO  AOORESS 

Office  of  the  Chief  of  Naval  Research 
Arlington,  VA  22217-5000 


N00014-89-J-1276 


10.  PROGRAM  ELEMENT.  PROJECT.  TASK 
AREA  a  WORK  UNIT  NUMBERS 


12.  REPORT  DATE 

April  1990 


4  MONITORING  AGENCY  NAME  6  AOORESSf/f  dllloront  from  Controlling  Office)  | 

15.  SECURITY  CLASS.  (Of  thlm  report) 

Unclassified 

1S«.  OECLASSIFICATION/ DOWNGRADING 
SCHEDULE 

16.  DISTRIBUTION  STATEMENT  (of  thi a  Report) 


Unlimited 


17.  DISTRIBUTION  STATEMENT  (of  Iho  ebotred  entered  In  Block  30,  II  dllloront  trooi  Report) 


19.  KEY  WORDS  (Continua  on  ravaraa  a  Ido  II  neceeeery  and  Identity  by  block  number) 

HRR  Field,  J-integral,  Biaxial  Loading,  LEFM,  Moire  Interferometry,  Elastic- 
Plastic  Fracture  Mechanics,  J-Resistance  Curve  and  Stable  Crack  Growth. 


20.  ABSTRACT  (ContlniM  on  rororoo  «Jdo  (/  nocooomry  ond  identity  by  block  mmber) 

The  displacement  fields  surrounding  stably  growing  cracks  in  7075-T6,  2024-0, 
2024-T3,  5052-H32  and  2091  aluminum  alloy,  standard  and  cruciform,  single-edge 
notched  (SEN)  specimens  were  determined  by  moire  interferometry.  An  approxi¬ 
mate  and  exact  J-integral  values  were  determined  and  found  to  be  within  5%  of 
each  other  and  were  both  path  independent.  The  associated  HRR  crack  tip  dis¬ 
placements  in  all  specimens  were  in  agreement  with  the  measured  displacements 
vertical  to  the  crack  but  consistently  differed  in  magnitude  and  order  of 
singularity  with  the  measured  displacements  parallel  to  the  crack 


OD 


1473 


EOITION  OF  1  NOV  «S  IS  OBSOLETE 
S/N  0102-014-6801  I 


SECURITY  CLASSIFICATION  OF  THIS  PAGE  (When  Dele  Bniered) 


